The effect of attrition milling on the processing of precursor oxides was investigated, with reference to the fabrication of titanate ceramics for the immobilization of plutonium and actinides, consolidated by hot isostatic pressing. Difficulties encountered during the lubricant removal step masked any correlation between the milling conditions and the final product. Four lubricants were investigated zinc stearate, Ceridust TM , polyethylene glycol and oleic acid. The precursor blends were added to these lubricants to ensure the powders remained free flowing while dry milling in an attrition mill. All except Ceridust TM allowed the milled powders to be freely discharged. Examination of the products showed that each sample was highly porous and all were below the target minimum of 92 % of theoretical density. XRD and SEM analysis showed the production of a multiphase ceramic (zirconolite, perovskite, ilmenite) rather than the single target phase zirconolite. The impact of incomplete lubricant burn out on the oxidation states of Ce and Fe was investigated by XANES and M€ ossbauer spectroscopy, respectively. Suggested modifications to the HIP processing line, including the addition of an in situ sintered metal filter, the use of fumed metal oxides and the introduction of electrical conductivity in the precursors, are presented.
The United Kingdom holds a considerable stockpile of separated plutonium from the civil fuel cycle, estimated to amount to 104 tHM 1 of UK material and an additional 34 tHM of foreign-owned material at the end of projected reprocessing operations (tHM, metric tons heavy metal). This material was produced as a consequence of the requirement to reprocess fuel from the United Kingdom's first generation of power reactors, the Magnox fleet, and continued operations in the THORP reprocessing plant. It was originally intended that plutonium would be recycled as a mixed oxide fuel (MOX, (U, Pu)O 2 ) in a fast reactor program, which was subsequently canceled in 1994. Consequently, the absence of suitable operational reactors to consume plutonium has allowed this fissile material to accumulate, attracting international concern.
2 Following public consultation, Government set out its position regarding the long-term management of civil plutonium stocks in December 2011, stating that: "the preferred policy for managing the vast majority of UK civil separated plutonium is reuse and it therefore should be converted to MOX fuel for use in civil nuclear reactors. Any remaining plutonium whose condition is such that it cannot be converted into MOX will be immobilized and treated as waste for disposal". 3 The Nuclear Decommissioning Authority, responsible for implementing UK Government policy, identified four potential immobilization options for separated plutonium: cements and polymers, glasses, ceramics, and so-called "disposal" or "low specification" MOX. 4 It is considered that encapsulation of plutonium in a cementitious wasteform would necessitate very low waste loading, leading to around 200,000 tons of cemented product. 5 This low waste loading requirement is a result of criticality concerns of encapsulating a fissile material *n.c.hyatt@sheffield.ac.uk © 2014 The American Ceramic Society in a highly moderated environment. 6 Consequently, several encapsulation plants and many thousands of containers would be required to dispose of the entire stockpile in a timely fashion. The consideration of cement encapsulation of plutonium as a potential wasteform is based, primarily, on considerable operating experience in the cementation of intermediate level wastes. 7 The United Kingdom also has considerable experience in the vitrification of high-level nuclear wastes arising from spent nuclear fuel reprocessing and vitrification of plutonium in durable glass wasteforms has been widely considered. [8] [9] [10] [11] [12] However, vitrification is complicated by the low solubility of plutonium (leading to low waste loadings) generally achieved using standard borosilicate glasses (4-5 wt%), high melting temperatures required, and accountancy concerns associated with a continuous melting process. 13 The fabrication of "disposal MOX" assumes the same manufacturing process for MOX fuel, but with less stringent product dimensional controls. Although this is a mature technology in principle, the fabrication of large monolithic ceramics is clearly preferred to the production of many small bodies of fuel pellet dimensions. Furthermore, this approach does not introduce any significant barrier to address proliferation concerns. The ceramic immobilization option considered by NDA does not define a specific product; however, consolidation by Hot Isostatic Pressing is highlighted as a favored technology. The advantages of ceramic wasteforms have been widely documented [14] [15] [16] [17] [18] [19] and include high waste loading of actinide (surrogates), excellent aqueous durability, tolerance to self-induced radiation damage (verified by natural analogs), 20 and excellent proliferation resistance. The generic design and processing considerations for such a ceramic wasteform, in the UK context, have been recently documented. 21 HIP technology operates by the application of high pressures and temperatures to oxide powders contained within a sealed HIP can. This approach has many advantages: it generates minimal secondary wastes, it is insensitive to wasteform physical properties, it is a batch process, there are no volatile losses during consolidation, and it is largely independent of processing scale. Although there are no current examples of a full-scale active ceramic waste immobilization plant, hot isostatic pressing technology has been demonstrated at full scale with inactive radioactive waste simulants and is widely used in the fabrication of high-performance ceramics. 22, 23 Building on the multiphase SYNROC titanate ceramic developed by ANSTO, in which the many components of a high-level waste stream can be co-immobilized, tailored ceramic wasteforms for separated plutonium have developed. For example, in SYNROC-C (an assemblage of hollandite, perovskite, zirconolite, and rutile) actinides typically partition into the zirconolite phase, 24 which can therefore be targeted as a single plutonium host phase ceramic wasteform. The aim of this research was to investigate the influence of lubricants on the powder processing of zirconolite precursor materials, prior to consolidation by Hot Isostatic Pressing (HIP).
Zirconolite 25 Natural zirconolites show many different combinations of element substitutions, demonstrating excellent chemical flexibility, and resistance to aqueous dissolution is admirable. 26 Zirconolite also exhibits exceptional corrosion resistance up to 250°C in various acidic and basic solutions, which is important for demonstrating resistance to proliferation. 27 Operating regimes for consolidation of zirconolite ceramics by HIPing typically involve temperatures in the region of 1300°C (generally limited by the HIP can material) and an applied pressure of 100 MPa Ar. 28 A typical immobilization process would combine homogenization, size reduction, and consolidation into a series of batch processes. Size reduction may be necessary to allow full phase development to occur at lower operating temperatures and dwell times, important for the bulk manufacture of wasteforms. Homogenization ensures that all components of the feed are uniformly mixed and there are no areas of increased localized waste concentration. The general design philosophy is to minimize the number of processing steps and, accordingly, these two steps can be combined in an attrition mill.
Attrition mills, generically known as stirred ball mills, are often used in the manufacture of ceramics. The mills consist of a static outer milling pot containing approximately two thirds of the empty volume of milling media. The media may be zirconia, stainless steel or alumina in ball or platelet form. A central shaft containing short horizontal bars agitates the media. Attrition mills have previously been incorporated as a key plant item in the Sellafield MOX Plant. 29 To satisfy the general design principle of minimizing secondary effluents, the mill must be operated in the dry mode, that is, without carrier fluid. Ensuring the powders remain free flowing during milling can be problematic in this operating mode. If the powders are allowed to settle on the base of the mill they will compact into an immovable agglomerated mass that prevents mill discharge. Lubricants, typically hydrocarbon waxes, must be added to minimize such an occurrence. However, difficulties can arise when removing lubricants postmilling. Full and complete removal is essential to ensure a high product quality and not to undermine the scientific basis for wasteform performance. A full-scale process would discharge powders from the mill directly into a HIP can and the lubricant would be removed, through heating under vacuum, directly from the HIP can in situ.
The focus of this work is the application of an attrition mill to the development of candidate plutonium wasteforms consolidated by HIP with particular focus on the ability of different lubricants to ensure powders are kept free flowing throughout milling.
Material and Methods
Zirconolite was chosen as the target ceramic wasteform for this work. We elected to substitute 0. 25 The attrition mill (Union Process 1SD), pot size 5.6 liters (1.5 US gal), was operated in dry mode. The mill was filled with 16.00 kg of 3/8" Stainless Steel ball bearings (based on the recommendation of the manufacturer). Batches of 800 g (approximately 1 L) of the metal oxide precursors were added to the mill while operating at a tip speed of 1.73 m/s (200 rpm). The mill was quickly brought to the desired speed of 2.16 or 4.32 m/s (250 or 500 rpm) and run for either 30 or 60 min. The mill was discharged while operating at the same speed as when charging. The particle size distribution of the milled powders was typically characterized by d 50 %2.5 lm.
The milled powders were packed into stainless steel HIP cans 60 mm tall by 35 mm outside diameter. Each can was filled with loose material, which was compacted uniaxially by approximately 30 MPa of pressure. The cans were then filled with loose powders again and the process repeated until they were full, typically containing 160-170 g of compressed powders. Lids, with 3 mm inside diameter evacuation tubes, were autogenously welded to the cans. The sealed cans were attached to a vacuum line and heated to 600°C for four hours with the intention of fully removing the lubricant. The bake out temperature was higher than the highest boiling point (260-450°C) of the lubricants. After bake out, the can stems were crimped, cut and welded closed.
The cans were consolidated by HIP at 1320°C and 100 MPa with a 2 h dwell. Heating rates were typicallỹ 8°C per min below 1100°C and <5°C per min otherwise. Pressure was increased steadily with temperature and was kept constant throughout the hold.
A core of the consolidated material was removed from the cans for examination. A section was hot mounted with conductive resin and ground with successively finer grit papers (300, 500, 800) before being polished with 5 and 1 lm diamond suspensions to obtain an optical finish. SEM images were obtained using a JEOL JSM-5600 operating in the back-scattered mode with 15 kV accelerating voltage, spot size of 35 and a working distance of 15 mm. Two images were acquired of the same area: one at 200x magnification and one at 15009. Energy Dispersive X-ray (Princeton Gamma Technologies with a PRISM Si(Li) digital detector), coupled to the SEM, was used for elemental mapping. Another aliquot was ground into a fine powder and X-ray diffraction data were obtained (Inel Equinox1000) with Co Ka radiation and a resolution of 0.1°. Due to significant Ti fluorescence, it was necessary to smooth the data with a 5-point moving average. Sample densities were measured using the Archimedes method with water as the immersion fluid.
Ce L 3 edge X-ray Absorption Spectroscopy (XAS) data were collected from the suite of Ca 0.75 Ce 0. 25 XANES, respectively. All data were collected on beamline X23A2 of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL), USA. Data were acquired in transmission mode using finely ground specimens dispersed in polyethylene glycol (PEG) to achieve a thickness of one absorption length. Data reduction and analysis was performed using the Athena program.
32 57 Fe M€ ossbauer spectroscopy was carried out at room temperature using a Wissel spectrometer at The University of Sheffield. Experiments were performed in transmission mode using a 50 Ci 57 Co source embedded in a Rh matrix, calibrated relative to a-Fe. Spectra were measured using a constant acceleration waveform at a velocity range of AE6 mm/s. Spectral deconvolution was performed using the commercially available software RECOIL 33 by assigning Lorentzian doublets to represent the different Fe oxidation states and coordination environments in the samples.
Results
Lubricant performance during milling was judged on the ability of the additive to prevent the powder from compaction (i.e., caking) during the milling operation. For the current purpose, a compaction was considered to be two or more layers of milling balls tightly packed with powder. To clear a compaction, the mill must be fully disassembled and the balls and powders removed by hand, an operation not amenable to a glove box environment. Ceridust TM was the only lubricant that failed to prevent the compaction of powders in the mill. An approximate measurement of discharge rate was used to rank the other three lubricants; the discharges were timed until approximately 99%, by mass of the milled powders had been collected in a receiving jar. Oleic acid typically allowed the milled powders to be discharged within 2 min, while polyethylene glycol and zinc stearate lubricated powders took between 4 and 10 min to achieve discharge, respectively. Complete removal of the lubricant during the bake out step would result in a theoretical weight loss of~1.5 %. However, the actual weight loss was determined to be between 1.0-11.3 % over the range of samples investigated, with no obvious correlation between the type of lubricant and weight loss achieved, see Table 1 . During bake out of the HIP cans, an oil like substance was observed when cans were disconnected from the bake out system, which was able to drip back down into the HIP can, indicating that some organic material may remain in the HIP can. Moreover, when the bake out system was disassembled, powder was found in the pipework which could only have come from HIP cans being baked out. It was therefore concluded that weight loss during bake out included a component due to powder material from the HIP can (into the vacuum system) as well as volatiles intended to be removed by the bake out process. The removal of any powder material would not be acceptable in an active operating environment, but can be prevented by using an in situ filter in the HIP given by the HIP can with the greatest mass loss after bake out in that a large deformation underneath the bake out tube was found after consolidation. This is a result of the HIP can lid being pressed into the void created by the removal of powder.
To determine the density of the samples, a core of material was taken from the consolidated product. During this process, the cut surfaces of the sample produced a hissing sound that was indicative of the release of gas. Many small bubbles forming on the surface of the sample were also observed, accompanied by a smell similar to burnt oil. Even a few minutes after cutting, this sound continued implying the release of pressurized gas from the ceramic matrix. This was a further indication that organic material had persisted in the HIP can through the bake out cycle, and had reacted with the ceramic powders at the HIP temperature. This gas was only released when a suitable pathway for discharge became available. Attempts to quantify the mass of entrained gases, by heating the ceramic product at 2°C per min to 1100°C with an 8 hour dwell, resulted in the ceramic bodies exploding. The explosion indicates an increase in internal pressure within the ceramic, again consistent with the fact that gases form from lubricant residues within the product during the HIP cycle.
The measured densities of the ceramic bodies produced are reported in Table 2 (in order of increasing density). The samples have a range of densities between 79.5% and 89.2% of theoretical density; the estimated errors are AE0.01 g/cm 3 or AE0.2% of theoretical. The theoretical density was calculated as 4.78 g/cm 3 , based on the published unit cell volume of the zirconolite structure and nominal composition. Shaw 34 determined the critical porosity, the point between closed (i.e., isolated) and open (i.e., interconnected) porosity, to be 92% in plutonium ceramic wasteforms and this was set as the target product density. Elimination of open porosity is desirable to minimize product surface area and with it the corresponding reduction in leach rates. None of the samples prepared in this study were found to exhibit ceramic density above this 92% threshold and there did not appear to be any clear correlation between the speed or duration of milling, choice of lubricant and the final density. An equivalent milled sample, from which the lubricant had been baked out under air in an open furnace HIPped to 97% of the theoretical density. Figure 1 shows the XRD patterns from samples prepared by hot isostatic pressing of powders prepared by attrition milling at 4.32 m/s for 30 min with various lubricants. As expected, the formation of zirconolite as the major phase is confirmed, for which the corresponding major reflections in Fig. 1 are highlighted by the appropriate Miller indices. However, there are also reflections associated with an ilmenite (possibly in solid solution with hematite) and perovskite phase. These 
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Zirconolite Ceramics for Plutonium Immobilizationproducts are clearly not single phase and this could be a concern for a final wasteform if a proportion of actinide inventory is not partitioned into the target zirconolite phase. Interestingly, the four different samples show different proportions of perovskite and zirconolite phases, evaluated on the relative intensity of associated reflections in the XRD patterns. When considering that the same starting materials and milling conditions had been used, it was expected that the samples would show similar diffraction patterns. It can be inferred, therefore, that the choice of lubricant can go on to affect the phase assemblage of the ceramic product, although the mechanism behind this is not yet clear. Figure 2 shows SEM images of samples prepared by hot isostatic pressing of powders prepared by attrition milling at 4.32 m/s for 30 min with various lubricants. All samples have a large number of pores and this is reflected in the low percentage theoretical densities recorded. The size and distribution of grains and pores appears to be similar throughout the samples. Comparing the effect of lubricant, we do not find any clear difference between the microstructures observed, although, there is a marked increase in the size and number of pores in the lower density products, as expected. All samples are broadly similar, with each image showing a host matrix of zirconolite ((Ca,Ce)Zr(Ti,Fe) 2 O 7 , labeled B) interspersed with dark colored grains with a lower average atomic number. Within many of the dark grains, a distinct core is apparent: EDX analysis of the core region revealed a composition consistent with perovskite (nominally CaTiO 3 , labeled C), whereas the composition of the outer rim was consistent with a Ce and Fe substituted perovskite (i.e., (Ca,Ce)(Ti,Fe)O 3 , labeled D). There are also a number of Fe rich grains, identified as ilmenite (prototypically FeTiO 3 , possibly in solid solution with Fe 2 O 3 , labeled A), as shown in Fig. 3 (and Table 3 ). These observations are consistent with XRD data.
An example elemental map of a consolidated sample (prepared from powders milled at 4.32 m/s for 30 min with polyethylene glycol as the lubricant) is given in Fig. 4 . Ti has a homogeneous distribution throughout the product. Zr is equally distributed throughout the bulk with no Zr observed within the perovskite grains. Ca also tends to be well distributed in the primary zirconolite phase but with localized concentrations in the perovskite phases. Fe is most concentrated in the ilmenite phase; however, the zirconolite phase still contains Fe as the designated charge compensator. Ce does not exhibit any localized concentrations and this is considered an encouraging observation because agglomerations of Pu within the wasteform would be undesirable. The tendency for Ce 4+ to reduce to Ce 3+ will increase the amount of perovskite (compared to the real scenario in which Pu 4+ is more stable), as trivalent lanthanides are known to stabilize cation deficient perovskite solid solutions over a wide composition range. 35 In agreement with this hypothesis, Gilbert et al. 25 studied the corresponding Ca 1-x (Pu,Ce) x ZrTi 2-2x Fe 2x O 7 solid solution, fabricated by the CUP route, and reported single phase zirconolite for the relevant composition with x % 0.25.
The grain map and the SEM both show that the product is not homogenous with a large number of perovskite grains interspersed in the zirconolite matrix. Perovskite has been shown to be thermodynamically unstable in repository environments 26 and is also significantly less durable than the intended host phase zirconolite. The EDX analysis shows a proportion of the Ce has partitioned into these grains and this could be a concern for the wasteform performance. The fraction of Ce inventory in zirconolite and perovskite has not been measured. It is believed that the perovskite inclusions were formed during the precursor heat treatment to stabilize CaO as CaTiO 3 , and that these were robust enough to persist through attrition milling. The amount of Ce 3+ partitioning into perovskite has probably been exacerbated by the provenance of the perovskite. That is, the perovskite is present because the inclusions were too large to dissolve by solid state reaction mechanisms. Indeed, the variation in perovskite abundance noted by XRD may in part be explained by different milling efficacy. Future work will use fine CaTiO 3 powder as the Ca source. Figure 5 shows [37] [38] [39] [40] The XANES data shown in Fig. 5 permit estimation of the Ce oxidation state in the ceramic products by fitting a linear combination of CeO 2 and CePO 4 data, 
Zirconolite Ceramics for Plutonium Immobilizationusing the Athena software. 32 Analysis of XANES data demonstrated the Ce speciation in zirconolite products consolidated by HIP to be exclusively (100 AE 1%) Ce 3+ . In contrast, Ce was speciated in the product consolidated by CUP as 52 AE 1% Ce 3+ and 48 AE 1 % Ce 4+ . From consideration of our measurement resolution (0.1 eV) in comparison with the edge shift associated with Ce 3+ and Ce 4+ oxidation states (~1.6 eV), we estimate the detection limit of Ce 4+ in our measurements to be~6%. 41, 42 showed that spectra could be fitted using two doublets indicating two distinct Fe coordination environments. This was consistent with substitution of Fe across the distinct Ti cations site in monoclinic zirconolite, which adopt sixfold and fivefold symmetry in a 2:1 ratio. M€ ossbauer parameters (isomer shift -IS, quadrupole splitting -QS, and relative spectral area) for the HIP and CUP samples are presented in Table 4 along with oxidation state, coordination number and phase assignments for each doublet. Two doublets were fitted to the spectra acquired from the CUP sample, Fig. 6(a) ; IS and QS of the doublets were consistent with the presence of sixfold and fivefold coordinated Fe 3+ as previously observed. 41, 42 The spectra acquired from the HIP sample, Fig. 6(b) , were more complex indicating the presence of contributions in addition to those observed in the CUP sample. Microstructure analysis of the HIP samples (Figs 2-4) indicated that the Fe was predominantly located in the zirconolite and ilmenite minor phase. By comparison Table 3 for signal identification. with published M€ ossbauer spectra, 43 the doublet with IS = 1.00 AE 0.02 mm/s and QS = 0.59 AE 0.02 mm/s was attributed to Fe 2+ in the ilmenite minor phase. From inspection of the relative spectral areas, the contribution from Fe 2+ in ilmenite was determined to be 13 AE 1% of the total Fe inventory. This is consistent with the observed content of ilmenite (ca. 10 %) as estimated from backscattered SEM images (Fig. 2 ) and elemental maps (Fig. 4) 
Discussion
Only three of the selected lubricants succeeded in keeping the powders free flowing during milling. In examining the chemical structure of the lubricants, it is noted that Ceridust TM is the only material that does not contain a carboxyl or hydroxyl functional group. The lack of molecular polarity and in turn water insolubility may be the origin of the poor performance of Ceridust TM in this application. As the material lacks the functionality to be soluble within the surface moisture layer on the powder particles, there is potentially no mechanism to coat the particles and act as a lubricant. An adsorbed surface layer of water may also be the cause of powder agglomeration. It is widely recognized that damp powders and humid environments are detrimental to free powder flow. Lubricants are used widely with little appreciation of the fundamentals of their performances and this lack of predictability serves to underline the need for detailed quantitative understanding of additives in milling systems.
It is clear that poor performance during lubricant bake out complicates the fabrication of dense zirconolite ceramics by HIP. As described above, the mass loss observed during bake out must be derived from a combination of sources: direct lubricant volatilization, partial lubricant removal by pyrolysis, powder removal, and moisture losses. The removal of any powder is clearly Table 4 . unacceptable in a radioactive processing environment and it is possible to prevent powders from being removed by the addition of a sintered metal filter at the base of the evacuation tube. This filter could allow the vaporized lubricant to leave the HIP can without any further powder disturbances. While the HIP can containing the material was heated to 600°C, far above the stated boiling points of the lubricants, the additives were not completely removed in the present study. Consolidation of the powder batch prior to loading into the HIP can, to improve the green packing density and thus the final wasteform density, combined with bake out under vacuum at 600°C, could be expected to result in pyrolysis of the entrained lubricant producing a carbonaceous material. 44 Subsequent high-temperature reaction with the wasteform material under vacuum, within the HIP can, would be expected to produce carbon monoxide (see below). This reasoning would explain the destruction of the ceramic products, through the expansion of internally entrained gas, during high-temperature annealing. This behavior does not give confidence that the wasteform could perform acceptably in an accident (fire) scenario.
The temperature required for lubricant bake out was previously investigated by Chandler et al. 45 Thermal analysis showed an increase in the temperature required to fully remove polyethylene glycol (molecular weight 8000) from loose powders and pucks (large pellets) of a candidate wasteform material when compared to polyethylene glycol in isolation from any powder. It was demonstrated that the decomposition region shifted upwards by approximately 75°C. While Chandler et al. did not explain this change, it is thought that some combination of reduced heat transfer in the material, leading to lower internal temperatures, and increased diffusional pathway length for the gases through the material, may have increased the overall decomposition temperatures. Repeating these experiments with slower ramp rates, ensuring thermal equilibrium in the powders and pucks is reached at every stage, may prove illuminating.
Consideration and comparison of Ce and Fe speciation in the ceramic products fabricated by HIP and CUP provides further evidence of incomplete removal of lubricants. Based on this study, removing the lubricant from milled powders while in the HIP can would appear to be a flawed approach. Increasing the temperature and duration of the removal step is unlikely to increase the proportion of lubricant removed as we have shown that quantitative pyrolysis of the lubricant, leading to entrained carbon, already occurs at the current bake out temperature, which is well above the stated lubricant boiling point (even allowing for the potential boiling point elevation as reported by Chandler et al. 45 ). It may be possible to remove the lubricants from the milled powders before they are packed into the HIP can. However, working with loose powders in an active environment is often impractical due to the increased dusting and worker dose uptake. Packing material directly into a HIP can from a mill is very attractive in its simplicity. Thus, any organic additive must be easily removed by heating under vacuum or eliminated.
Preliminary work by the authors has shown that by introducing electrical conductivity into the precursor oxides (typically by reducing Ti 4+ to Ti 3+ and in doing so forming a semi-conducting Magn eli phase, e.g., Ti 5 O 9 ), leads to powders that remain free flowing during milling. It is thought that minimization of tribo-electric charging helps to mitigate powder agglomerations. Through careful modification of the charge compensation species added to the precursor blend, the Ti 3+ will be accommodated in the final wasteform, replicating the role of Fe 2+/3+ here, and eliminating the difficult lubricant removal step. An alternative approach is the use of fumed metal oxides. These materials are nano-crystalline oxides agglomerated into secondary structures to give an extremely low powder density with a very large surface area. They are widely recognized as useful flow promoters with dry powders. 46 The addition of, for example, fumed Al 2 O 3 has shown promise during preliminary trials by the authors, however difficulties have arisen in respect to temperature control during milling. One further option is a modification of the mill internals. The addition of a method to sweep constantly the base of the mill may prevent an agglomeration of powders ever occurring. This could be by the addition of a trapezoidal bar to the agitator shaft. The bar would sit horizontally at the base of the mill and rotate with the agitator shaft. This bar is shaped so that with each rotation, the bottom layers of milling media, and powders, are lifted into the mill promoting powder circulation and helping to minimize powder compactions. In reality, it is likely that some combination of introduced conductivity, modified lubricant and a modified mill may be required to provide a suitable plutonium wasteform manufacturing line.
Conclusions
It was thought that there would be a correlation between the aggressiveness of milling and the phase development in the wasteform; the results do not confirm this hypothesis as the inability to fully remove the lubricant has masked any relationship. It can be concluded that zinc stearate, polyethylene glycol and oleic acid are suitable for use as a lubricant in an attrition mill, operated without carrier fluid, with the metal oxides precursor components as they kept the powders free flowing during milling. Ceridust TM has, however, been shown not to be suitable in this application.
The results do not conclusively show how aggressive the milling must be to produce ceramics densities above 92% of theoretical. The failure to remove the lubricant added to aid milling has undermined any attempts to assess wasteform performance. Pyrolysis of entrained lubricant during bake out of the HIP can produced a carbonaceous residue which reduced Ce 4+ to Ce 3+ during the processing cycle, producing CO and hence ceramic bodies with considerable interconnected porosity.
While the use of attrition mills warrants further investigation, the specific method outlined in this article is not recommended for implementation in its current form.
